Vitamin K-dependent carboxylase from bovine liver is stimulated not only by reducing agents and bivalent metal ions (especially Mnt*), but also by several organic solvents (dimethyl sulphoxide, ketones and acetonitrile). The organic solvents stimulated both the carboxylation of glutamic acid residues and the formation of vitamin K epoxide. This stimulation by organic solvents was independent of the physical state of the phospholipid; it was highest at low temperatures and could only be demonstrated with vitamin K, and not with 3-DTT-MK-O (the thioether adduct of menadione and dithiothreitol) or t-butyl hydfoperoxide, which normally can substitute for vitamin K. We suggest that organic solvents exert their effect by changing the mobility of the isoprenoid side chain of vitamin K, within the carboxylase complex.
The conversion of glutamic acid residues into y-carboxyglutamic acid residues is a vitamin Kdependent reaction that has been demonstrated in various species and organs (Suttie, 1980; Gallop et a1.,1980) . It is generally believed that the carboxylation reaction is coupled to the oxidation of vitamin K quinol to vitamin K 2,3-epoxide (Larson et al., 1981) . A hydroperoxide form of vitamin K has been postulated as an intermediate (Larson & Suttie, 1978; De Metz et al., 1982a) .
In uitro, vitamin K activity appears to be related to 2-methyl-1,4-naphthoquinone (menadione) with some neutral side chain in the 3-position, e.g. an isoprenoid compound, an O-ether or a thioether (Olson et al., 1978; Mack et al., 1979 :, Suttie, 1980 Johnson, 1980) . The length ofthe side chain required for optimal activity lies between two and six isoprenoid units (Jones et al., 1976; Friedman & Shia, 1976; Johnson, 1980) . The side chain does not seem to be essential for proper catalytic function, but it is probably related to the ability of the vitamin to bind to a functional site of carboxylase. It has been suggested that this site had a partly hydrophobic character and that short-chain homologues of vitamin K might be active without entering this hydrophobic area (Jones et al.,1976) .
Most studies on the vitamin K-dependent carboxylation are performed with a liver microsomal Abbreviations used: MerSO, dimethyl sulphoxide; Ptdcho, phosphatidylcholine; 3-DTT-MK-O, the thioether adduct of menadione and dithiothreitol; fatty acids are denoted by C",r, where x is the chain length and-r'is the number of double bonds.
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Vol.209 fraction of anticoagulated or vitamin K-deficient rats. Endogenous substrates for the vitamin Kdependent carboxylase, e.g. precursors of clotting factors (Willingham et al., 1980) , are accumulated in those fractions. Apparently the carboxylase is a thiol enzyme and is stimulated by the presence of reducing agents, e.g. dithiothreitol (Johnson, 1980; Friedman & Shia, 1976) . Furthermore, pyridoxal phosphate (Dubin et al., 1979; Suttie el ai., 1980) and Mn2+ (Larson et al., 1981; Larson & Suttie. 1980) have been reported to stimulate the carboxylation reaction, but the mechanism of stimulation is unknown. Up till now, carboxylase could not be demonstrated to be a metalloenzyme (Larson & Suttie. 1980) .
We have isolated carboxylase from the livers of normal and anticoagulated cows (Yermeer et al., 1980) . The properties of carboxylase from a cow system are similar to those from a rat system (Vermeer et a1.,7982; Uotila & Suttie. 1982) . With the livers of anticoagulated cows we achieved a considerable purification by immunoadsorption of the endogenous substrate, which forms a tight complex with the carboxylating enzyme (De Metz et al., 1981a) . The purified enzyme is still attached to Sepharose beads and therefore called 'solid-phase carboxylase'. The properties of solid-phase carboxylase are similar to those of a non-purified microsomal preparation of bovine or rat liver (De Metz, 1982; De Metz et al., l98lb, 1982a) . ln the present paper we describe the stimulation of solidphase carboxylase by some bivalent metal ions and organic solvents. Implications of the stimulation by organic solvents with respect to the function of the side chain of vitamin K are discussed.
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Results
The effect of organic soluents on solid-phase carboxylase During our efforts to resolubilize the carboxylase from thJ solid phase with organic solvents .
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(solubilized microsomes' 1mg of protein; ;;iid;hat; carboxvlase' 40pg of protein; resolu' fitir.a "u.uoxylase, 10pg of protein)'-20pCi of r.iuii;co,, 2mu-dithiothreitol and 0'2mv-vitamin K quinoi or 3-DTT MK-O quinol' The t^-tutvlttvaioperoxide-driven reaction was measured Kdependent carboxvlation and epoxidation in so'!ti': r;:''-orboxylase ""fi;';i;;; K-d.p.ndtnt inco"rr:a-':": 9i'nco' and the formation of vitamin K ::cqiJe were a""t".aO in standard reaction :lrr:::es (1ml)' ;;;;G l0opn-warfarin' -{iter'-:'::ration for ;';il Zt ZS6C, a 0.4m1 sampie ras used for determining the amount of incorprore":: C9' l1d 0.4m1 for assessing the amount Lai :a'\rde' lne . potent stimulators (Table l) . Alcohols una uta.-hydes, when miscible with water, were inhibitory. The addition of MerSO and acetone to the reaction mirture enhanced not only the vitamin K-dependent carboxrlation but also the epoxidation. The stimularion of the carboxl'lation reaction by organic sclrents was cumulative rvith the stimulation by :::ral ions. A time course of the reaction with and ,u-.:lout either MerSO or acetone is shown in Fig. 1 . B.-rh in the presence and in the absence of these s.-lvents the reaction proceeds at a constant rate. The influence of the chain length of the ketones on the stimulation is shown in Fig. 2 . The amount of organic solvent required for an optimal stimulation decreased with increasing chain length of the ketones. The maximal stimulation was not dependent on the chain length. All ketones and MerSO inhibited the carboxylation reaction at high concentratlons.
Stimulation by organic soluents of solid-phase c arb oxy las e c ontaining dffir ent p ho sp ho lipid s Since we know that phospholipids (especialll' PtdCho) are necessary for enzyme activity (De Metz et al., I98lb} the effects of organic solvents might be explained by the interaction of the solvents u'ith the phospholipid moiety. We tried to test this hypothesis as follows: solid-phase carboxylase was depleted of its phospholipids and reconstituted with PtdCho containing fatty acid residues of different chain length and saturation (see the Materials and methods section). We used di-Cr2.0, di-C14.0, di-C16.0, di-C1r.r, di-C1s,1,-cls and di-Ctr.r,-trans ftdCho with melting points at 0,23.42.58. -20 and 9.5 oC respectively. Solid-phase carboxylases. reconstituted with the different phosphatidylcholines, were all stimulated about 4-fo1d by MerSO or acetone at 25oC. At this temperature, bilayer conformations of di-C12,0, di-Cro.o and di-C,r.r Ptdcho are in the liquid-crystalline phase, whereas di-C 16.0 and di-C,r.o PtdCho are in the crystalline phase. So the physical state of the phospholipid moiety does not seem to be relevant for the stimulation by organic solvents of the phospholipid--enzyme complex.
Stimulation of solid-phase carboxt,lase by organic soluents at dffirent temperatures
The effect of the temperature on enzyme activity was measured with solid-phase carboxylase reconstituted with di-c,o.o Ptdcho (Fig. 3) . The data are presented as an Arrhenius plot and the activation energy can be calculated from the slope of this curve. A change in the activation energy at23"C (the melting point of di-C14.0 ptdCho) could not be demonstrated, indicating that the physical state of the phospholipid does not influence the enzyme activity. With MerSO (not shown) and acetone in the reaction mixture the activation energy decreased. It is obvious that. at temperatures above 30oC, the organic solvents have hardly any effect on carboxylase, whereas the stimulation of the carboxylation reaction increasingly pronounced at lower temperatures. The same effect could also be demonstrated with the native solid-phase carboxylase (Fig. 4) . We therefore investigated whether the non-purified carboxylase could also be stimulated at low temperatures. When measured with a solubilized microsomal preparation under standard conditions at 25" C, the incorporation of raCO, was 3300d.p.m./h per mg and was not stimulated by organic solvents, but we observed that at 5oC the incorporation of raCO, increased from 425d.p.m./h per mg to 1980d.p.m./h per mg by the addition of acetone (l5o/o,vlv).
Stimulation of solid-phase carboxJ'lase bv Mnz* and organic soluents using uarious forms of citamin K Although the oxidation of vitamin K quinol is probably driving the carboxylation reaction. r'itamin Stimulation of the vitamin K-dependent carboxylase from bovine liver K and vitamin K epoxide can be used as a vitamin source when vitamin K (epoxide) reductase is present. The carboxylase activity is lower with these more-oxidized forms of vitamin K, but the stimulation by organic solvents and Mn2+ could be demonstrated with all forms of the vitamin (Table 2) . Homologues of vitamin K with a short hydrophobic side chain at the 3-position can also be used as a vitamin source. We used the adduct of menadione and dithiothreitol (3-DTT-MK-O), which can be easily prepared and has a good activity (Olson et al., 1978; Mack et al., 1979) . With 3-DTT-MK-O the stimulation by Mnz+ could still be demonstrated. The stimulation by MerSO and acetone with 3-DTT-MK-O was very low, however, when compared with the stimulation by these solvents in the presence of vitamin K, ( Table 2 ). The stimulation by both Mn2+ and organic solvents was also low when the t-butyl hydroperoxide-driven incorporation of laCO, was measured. It has been proposed (Jones e/ al.,1976 (Jones e/ al., ,1977 ) that short-chain homologues of vitamin K are relatively better coenzymes at low temperatures, i.e. the activation energy of the carboxylation reaction decreases with a decreasing isoprenyl chain length. Indeed, this decrease could be demonstrated when the effect of the temperature on the activity of 3-DTT-MK-O was studied (Fig. a) . The activation energy with 3-DTT-MK-O was considerably lower than that with vitamin K' but was similar to the activation energy with t-butyl hydroperoxide (results not shown).
Discussion
It is known from the rat and bovine microsomal system that reducing agents, pyridoxal phosphate and bivalent metal ions (especially Mn2+) stimulated vitamin K-dependent carboxylation. The way in which p-vridoxal phosphate influences the carboxf iation reaction is not understood. Moreover, r*'hen measured with the aid of solid-phase carboxylase, the stimulating effect of pyridoxal phosphate was very low. The stimulating effect of reducing agents, which was measured in microsomal preparations as well as in solid-phase carboxylase, probably reflects the necessity for reduced thiol groups in carboxylase and vitamin K reductase (Johnson, 1980) . Alternatively the reducing agents might simply function either to prevent the non-enzymic oxidation of vitamin K or to recycle the vitamin K epoxide that is formed during the reaction. The stimulating effect of Mn2+ could also be demonstrated both in the crude microsomal extract and in solid-phase carboxylase. Because only the carboxylation and not the epoxidation was stimulated, we concluded that, in the presence of Mn2+, a better coupling exists between the epoxidVoL209 IZJ ation of vitamin K quinol and the carboxylation reaction. The ratio of vitamin K epoxide formed/ CO, fixed decreases from 10 (De Metz et al., 1982b) to 4 when Mn2+ is added. When vitamin K or vitamin K epoxide are used as vitamin source, vitamin K quinol will probably be formed before carboxylation can occur. Hence the same principle will probably underly the stimulation by Mn2+ with all three forms of vitamin K. The t-butyl hydroperoxide-driven carboxylation reaction was inhibited by Mn2+, most probably because Mn2+ acts as a catalyst for the rapid breakdown ofthe peroxide.
Several organic solvents stimulated the vitamin K-dependent carboxylation and epoxidation reaction. The stimulating solvents were all miscible or partly miscible with water and were poor solvents for phospholipids. Solvents like alcohols, which do solubilize phospholipids, may inhibit the carboxylation reaction, because the phospholipids are essential for enzyme activity (De Metz et al., 1981b) . The observed inhibition by aldehydes could be explained by their high reactivity compared with ketones (e.g. the formation of a Schiff base with free amino groups). Although the stimulating agents were miscible with water, the hydrophobicity seems to be relevant for their action. This could be demonstrated by the effect of ketones with different chain length on the carboxylating activity.
With the purified enzyme the stimulation by organic solvents was highest at low temperatures and, with a non-purified microsomal preparation, stimulation by organic solvents was observed only at low temperatures (when the stimulation with solidphase carboxylase is also highest). It is possible that in a non-purified preparation the proteins and lipids surrounding the carboxylase complex interact with the organic solvent and hence suppress the stimulating effect on the carboxylase activity. On the other hand, the difference between solid-phase carboxylase and a non-purified preparation might reflect a difference in the state of the enzyme complex itself, i.e. the activity of solid-phase carboxylase might be suboptimal.
Jones e/ al. (L916) reported that homologues of vitamin K with short chains at the 3-position have low activation energies. This was confirmed with 3-DTT-MK-O. In the same publication, Jones e/ a/. (1976) observed a change in the activation energy of the carboxylating enzyme at 30oC, the 'melting point' of the microsomal membrane. With solidphase carboxylase reconstituted with di-C 14.0 PtdCho the activation energy was constant between l0 and 35oC, although the phospholipid, when present in the bilayer conformation, changes from the crystalline to the liquid-crystalline state at 23oC. lt is not known if the physical state of the phospholipid adjacent to the protein of the carboxvlase also chanses over this temperature interval, since those phospholipids might be immobilized by interaction with the carboxylase protein. Anyway, the physical state of the phospholipid, as it can be measured in the bilayer conformation, seems not to influence the enzyme activity. A possible explanation for the change in activation energy reported by Jones et al. (1976) is the lability of the carboxylating activity in microsomal preparations from rat liver at high temperatures (Suttie e/ a/., re19).
When coenzymes with a low activation energy are used (3-DTT-MK-O or t-butyl hydroperoxide), stimulation by MerSO and ketones is not observed. These observations indicate that the stimulation by organic solvents is related to the side chain of vitamin K at the 3-position. The site on carboxylase that binds this side chain of vitamin K will probably have a hydrophobic character, and organic solvents might interact with this part of the enzyme without changing ihe K. of vitamin K. As we could not find evidence for the involvement of phospholipids in the stimulation by organic solvents, we suggest the presence of a hydrophobic region on the protein part ofcarboxylase at the binding site ofthe side chain of vitamin K. Although most experimental evidence is lacking until now, it is tempting to ascribe a carrier function to the side chain of vitamin K analogous to the function of the side chain of biotin and that of lipoic acid. The side chain of vitamin K could serve as a swinging arm carrying the naphthoquinone head group from one site to the next. Speculating, one might assume that organic solvents might facilitate the carrier function by increasing the mobility of the vitamin. Short-chain homologues of vitamin K may bypass the carrier function.
